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Abstract—In this study, we investigated the involvement of reactive oxygen species (ROS) and calcium in stauro-
sporine (STS)-induced apoptosis in cultured retinal neurons, under conditions of maintained membrane integrity. The
antioxidants idebenone (IDB), glutathione-ethylester (GSH/EE), trolox, and Mn(III)tetrakis (4-benzoic acid) porphyrin
chloride (MnTBAP) significantly reduced STS-induced caspase-3-like activity and intracellular ROS generation.
Endogenous sources of ROS production were investigated by testing the effect of the following inhibitors: 7-nitro-
indazole (7-NI), a specific inhibitor of the neuronal isoform of nitric oxide synthase (nNOS); arachidonyl trifluoromethyl
ketone (AACOCF3), a phospholipase A2 (PLA2) inhibitor; allopurinol, a xanthine oxidase inhibitor; and the mitochon-
drial inhibitors rotenone and oligomycin. All these compounds decreased caspase-3-like activity and ROS generation,
showing that both mitochondrial and cytosolic sources of ROS are implicated in this mechanism. STS induced a
significant increase in intracellular calcium concentration ([Ca2]i), which was partially prevented in the presence of
IDB and GSH/EE, indicating its dependence on ROS generation. These two antioxidants and the inhibitors allopurinol
and 7-NI also reduced the number of TdT-mediated dUTP nick-end labeling-positive cells. Thus, endogenous ROS
generation and the rise in intracellular calcium are important inter-players in STS-triggered apoptosis. Furthermore, the
antioxidants may help to prolong retinal cell survival upon apoptotic cell death. © 2003 Elsevier Inc.
Keywords—Apoptosis, Antioxidants, Calcium, Caspase-3, Mitochondria, Reactive oxygen species, Retinal cells,
Staurosporine, Free radicals
INTRODUCTION
Apoptosis plays an important homeostatic role in several
cellular processes as well as in the development of the
immune and nervous systems [1]. Programmed cell death
may also contribute to various pathological conditions,
such as cerebral ischemia [2,3]; neurodegenerative dis-
orders, such as Alzheimer’s, Parkinson’s, or Hunting-
ton’s disease and amiotrophic lateral sclerosis [4,5]; as
well as in some retinal diseases, such as cataract [6] and
diabetic retinopathy [7].
Mitochondria play a central role in both extrinsic and
intrinsic apoptotic pathways. In fact, a variety of apopto-
tic stimuli can alter mitochondria permeability, inducing
the release of proapoptotic proteins normally localized in
the mitochondrial intermembrane space [8,9]. One of
these mitochondrial proteins is cytochrome c, which,
once in the cytosol, can form a complex with pro-
caspase-9 and the apoptosis inducing factor 1 (Apaf-1),
in the presence of deoxyadenosine triphosphate (dATP)/
adenosine triphosphate (ATP), leading to the activation
of the caspase cascade [10,11]. The release of cyto-
chrome c and the consequent disruption of the electron
transport chain at the inner mitochondrial membrane, can
also result in an increased production of ROS, namely
superoxide anions (O2• ), observed upon induction of
apoptosis [12,13]. However, extramitochondrial sources
of intracellular reactive oxygen species (ROS), namely
the generation of nitric oxide (NO•) through nitric oxide
synthase (NOS), or the production of O2• through the
pathways involving xanthine oxidase or phospholipase
A2 (PLA2) can also contribute to the generation of ROS
during cell death [14,15]. Moreover, both mitochondrial
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and cytosolic sources of endogenous ROS production are
potentiated upon an increase in [Ca2]i [14–16]. On the
other hand, ROS can interfere with some of the mecha-
nisms that regulate intracellular calcium homeostasis,
such as Ca2-adenosine triphosphatases (ATPases) [17],
suggesting that both ROS and calcium can synergisti-
cally affect cell survival.
Staurosporine (STS), a bacterial alkaloid that inhibits
several cellular kinases [18,19] is frequently used as an
inducer of the mitochondrial apoptotic pathway. Al-
though the intracellular cascades that can be modulated
by STS are not completely identified, previous studies
have shown that STS induces the release of cytochrome
c [20], caspases activation [20,21], intracellular ROS
accumulation [20,22,23], and an increase in [Ca2]i [23].
In the present study, we evaluated the contribution of
different sources of endogenous ROS production, as well
as the effect of several antioxidants, on the apoptotic
mechanism induced by STS in cultured chick retinal
cells, used as neuronal model. The importance of free
radicals generation on the regulation of [Ca2]i was also
investigated. We observed a reduction in caspase-3-like
activity, ROS generation and DNA fragmentation in the
presence of the antioxidants idebenone (IDB), a benzo-
quinonic coenzyme Q10 derivative; glutathione-ethyl-
ester (GSH/EE), a esterified form of reduced glutathione,
trolox, a soluble vitamin E analogue; and Mn(III)tetrakis
(4-benzoic acid) porphyrin chloride (MnTBAP), a mi-
metic of superoxide dismutase. Moreover, inhibitors of
the mitochondrial respiratory chain, as well as of cyto-
solic sources of O2• and NO• had a similar protective
effect, indicating that different intracellular pathways of
ROS generation are activated in STS-mediated apopto-
sis. The [Ca2]i increase was also partially prevented in
the presence of some antioxidants, but not by a general
caspase inhibitor, further suggesting that free radicals
production and intracellular calcium play an essential
role during cell death induced by STS.
MATERIALS AND METHODS
Materials
Basal medium of Eagle [(BME) Earle’s salts], phosphate
buffered saline (PBS), GSH/EE, 1,4-dithiotreitol (DTT),
N-ethylmaleimide (NEM), Nw-nitro-L-arginine (L-NAME),
7-NI, allopurinol, rotenone, oligomycin, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
acetyl-Ile-Glu-Thr-Asp-p-nitroanilide (Ac-IETD-pNA) and
the protease inhibitor cocktail were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). STS, trolox, MnT-
BAP, arachidonyl trifluoromethyl ketone (AACOCF3),
ionomycin, and the colorimetric substrates acetyl-Tyr-Val-
Ala-Asp-p-nitroanilide (Ac-YVAD-pNA), acetyl-Asp-Glu-
Val-Asp-p-nitroanilide (Ac-DEVD-pNA), and z-Val-Ala-
Asp(O-Me)-fluoromethyl ketone (z-VAD-fmk) were
obtained from Calbiochem (Darmstadt, Germany). Trypsin
was purchased from Gibco (Paisley, Scotland, UK) and the
fetal calf serum was from BioChrom KG (Berlin, Ger-
many). IDB was a kind gift from Seber (Odivelas, Portu-
gal). The colorimetric substrate acetyl-Leu-Glu-His-Asp-p-
nitroanilide (Ac-LEHD-pNA) was obtained from R&D
Systems Inc. (Minneapolis, MN, USA). The fluorescent
probes 2,7-dichlorodihydrofluorescein diacetate (DCFH2-
DA), dihydrorhodamine 123 (DHR 123) and Indo-1/AM
were purchased from Molecular Probes (Leiden, The Neth-
erlands). All other reagents were of analytical grade.
Preparation and culture of chick retinal cells
Primary cultures of retinal cells were prepared from
8 d old chick embryos, as described previously [24].
Briefly, the retinas were dissected free from other ocular
tissues and dissociated with 0.1% trypsin in a Ca2 and
Mg2-free Hank’s balanced salt solution for 15 min at
37°C. The digested tissue was centrifuged at 500 g for
1 min and the pellet was washed once with BME con-
taining Earle’s salts, L-glutamine, and 25 mM HEPES
buffered with 10 mM NaHCO3, and supplemented with
5% fetal calf serum, penicillin (100 U/ml), and strepto-
mycin (100 g/ml). The tissue was then dissociated
mechanically with a glass pipette and retinal cells were
further cultured in BME. The cells were plated at a
density of 106 cell/cm2 and grown for 6 d at 37°C in an
atmosphere of 95% air and 5% CO2. A cell preparation
similar to the one used in this work was shown to contain
a significant percentage of amacrine-like neurons and
neurons resembling bipolar cells and only a few glial
cells [25].
Induction of apoptosis and incubation with
antioxidants, reducing agents or inhibitors of
intracellular ROS generation
Apoptosis was induced with STS (100 nM or 1 M in
BME) during the time indicated in each figure. In some
experiments, the cells were incubated in the presence of
the following antioxidants or reducing agents: 1 M
IDB, 1 mM GSH/EE, 10 M trolox, preincubated during
21 h; 100 M MnTBAP, 4 mM DTT, and 10 M NEM,
preincubated during 30 min. The cells were also exposed
to the following inhibitors of endogenous ROS produc-
tion: 100 M or 500 M l-NAME (a NOS inhibitor), 50
M 7-NI [a specific neuronal NOS (nNOS) inhibitor],
100 M AACOCF3 (an inhibitor of PLA2), preincubated
during 30 min; 300 M allopurinol (a xanthine oxidase
specific inhibitor), preincubated during 18 h; and the
mitochondrial inhibitors rotenone (0.25 M) and oligo-
mycin (0.25 g/ml), preincubated for 5 min. In some
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experiments, retinal cell were also exposed to the cell-
permeable and irreversible caspase inhibitor z-VAD-fmk
(1 M), preincubated for 1 h. All the compounds were
further incubated during the exposure to the apoptotic
stimulus.
Analysis of cell viability
Cell viability was assessed by monitoring the capacity
of the retinal cells to reduce the MTT salt or the leakage
of lactate dehydrogenase (LDH) to the extracellular
medium.
The MTT assay is based on the reduction of MTT to
formazan, an insoluble intracellular blue product, by
cellular dehydrogenases [26,27]. The extent of MTT
reduction was measured spectrophotometrically at 570
nm, according to the method described by Mosmann
[28], in a Lambda-2 spectrophotometer (Perkin-Elmer,
U¨ berlingen, Germany). Briefly, after incubation with
STS, the culture medium was removed, and retinal cells
were washed twice with a sodium saline solution (140
mM NaCl, 5 mM KCl, 1 mM MgCl2 · 6H2O, 1 mM
NaH2PO4, 1.5 mM CaCl2, 5.6 mM glucose, 20 mM
HEPES, pH 7.4) at 37°C. MTT (final concentration 0.5
mg/ml), prepared just before using and maintained in the
dark in sodium saline solution, was then added to the
cells. After a 3 h incubation at 37°C, an equal volume of
acid-isopropanol (0.04 M HCl in isopropanol) was added
and mixed thoroughly at room temperature until all
formazan crystals were dissolved. Cell viability was ex-
pressed as a percentage (%) of the optical density (OD)
of control cells, in the absence of STS.
Retinal cells viability was also evaluated by monitor-
ing the activity of the cytoplasmic enzyme LDH in the
extracellular medium, which evaluates plasma mem-
brane integrity. LDH activity was measured spectropho-
tometrically according to the method described by Berg-
meyer and Bernt [29], by following the rate of
conversion of reduced nicotinamide adenine dinucleotide
(NADH) to oxidized nicotinamide adenine dinucleotide
(NAD), at 340 nm. The use of this method in cultured
retinal cells was thoroughly described in Rego and Ol-
iveira [30].
Caspase protease activity assays
The activity of caspases 1, 3, 8, and 9 was assessed
spectrophotometrically, by determining the cleavage of
the respective colorimetric substrate, according to the
method described by Cregan et al. [31], with some mod-
ifications. After STS treatment, the culture medium was
removed and the retinal cells were rinsed twice with PBS
(120 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer,
pH 7.4; Sigma Chemical Co.) and extracted on ice with
a lysis buffer [1 mM Na-ethylenediaminetetraacetic acid
(EDTA), 1 mM Na-ethylene glycol-bis(-aminoethyl
ether)-N,N-tetraacetic acid (EGTA), 2 mM MgCl2 · 6
H2O, 25 mM HEPES, pH 7.5) supplemented with 100
M phenylmethylsulfonyl fluoride (PMSF), 2 mM DTT,
and 1:100 of a broad spectrum protease inhibitor cocktail
(Sigma Chemical Co.) containing 4-(2-aminoethyl)ben-
zenesulfonylfluoride, pepstatin A, trans-epoxysuccinyl-
L-leucylamide(4-guanidine)butane (E-64), bestatin, leu-
peptin, and aprotinin. After freezing three times in liquid
nitrogen, the cell extracts were centrifuged at 14000 rpm
(Eppendorf Centrifuge 5417R, Hamburg, Germany) for
10 min, at 4°C. The supernatants were removed and
assayed for protein content by the Sedmak method [32].
To measure caspase activity, aliquots of cell extracts
containing 25 g of protein were added to a reaction
buffer (10% sucrose, 0.1% CHAPS, 25 mM HEPES, pH
7.4) supplemented with 10 mM DTT. The reactions were
initiated after addition of the following colorimetric sub-
strates (100 M): Ac-YVAD-pNA, for caspase-1-like
protease activity, Ac-DEVD-pNA, for caspase-3-like
protease activity, Ac-IETD-pNA, for caspase-8-like pro-
tease activity, or Ac-LEHD-pNA, for caspase-9-like pro-
tease activity. After 2 h incubation in the dark, at 37°C,
the cleavage of the substrates was measured at 405 nm.
Caspases activity was expressed as the increase of OD
above the control (retinal cells maintained in the absence
of STS).
Isolation of mitochondrial fractions
Retinal cells were rinsed twice with ice-cold sucrose
buffer (1 mM Na-EDTA, 1 mM Na-EGTA, 250 mM su-
crose, 1.5 mM MgCl2 · 6 H2O, 10 mM KCl, 20 mM
HEPES, pH 7.4), and extracted, on ice, with sucrose buffer
supplemented with 1 mM DTT, 100 M PMSF, and 1:100
of protease inhibitor cocktail (Sigma Chemical Co.). Cell
extracts were homogenized and centrifuged at 500  g for
12 min, at 4°C. The supernatants (S1 fraction) were trans-
ferred to new vials and the pellets (P1 fraction, containing
the nuclei and intact cells) were resuspended on 200 l of
supplemented sucrose buffer and further centrifuged at 500
 g, for 12 min, at 4°C. The resulting supernatants were
added to the ones obtained in the first centrifugation and
further centrifuged at 12000  g, for 20 min, at 4°C. The
pellets (P2 fraction), containing a nonpurified mitochondrial
fraction, were dissolved in 100 l supplemented sucrose
buffer and maintained at80°C. The protein concentration
in the samples was determined by the Sedmak method.
Western blot analysis
Equivalent amounts of protein were separated on a
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis after denaturation and transferred to a polyvi-
nylidene difluoride membrane (Amersham Pharmacia
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Biotech, Buckinghamshire, UK). The membranes were
blocked for 2 h at room temperature with blocking buffer
(150 mM NaCl, 25 mM Tris-HCl, pH 7.6, and 0.005%
Tween) containing 5% skim milk. The blots were then
incubated overnight, at 4°C, with the mouse monoclonal
anti-cytochrome c antibody (1:500, PharMingen, San
Diego, CA, USA) against the denatured protein, the
rabbit polyclonal anti-caspase-3 antibody (1:500, Cell
Signaling, Beverly, MA, USA) that recognizes both the
full-length and the cleaved large fragment of caspase-3
or the mouse monoclonal anti--tubulin (1:1000, Zymed
Laboratories, Inc., San Francisco, CA, USA). The pri-
mary antibodies were diluted in blocking buffer contain-
ing 1% skim milk. After three washes, the membranes
were incubated for 2 h at room temperature with anti-
mouse immunoglobulin (IgG) or antirabbit IgG (Amer-
sham) (1:25000 dilution in blocking buffer containing
1% skim milk) and then developed by an enhanced
chemifluorescence system (Amersham). The bands were
visualized by using a Versa-Doc Imaging System, model
3000 (BioRad, Hercules, CA, USA) and the images were
analyzed with the Quantity One software (BioRad).
Measurement of ROS formation
Intracellular ROS generation was measured in cultured
retinal cells by following the oxidation of 2,7-dichlorodi-
hydrofluorescein (DCFH2) to the fluorescent dichlorofluo-
rescein (DCF), which detects the formation of intracellular
peroxides, and by following the oxidation of DHR 123, an
oxidation-sensitive indicator that, when oxidized to the pos-
itively charged fluorescent derivative rhodamine 123 (RH
123), moves to the inside-negative mitochondrial environ-
ment, being suggested as a probe to measure the production
of hydrogen peroxide (H2O2) and peroxinitrite (ONOO)
[33]. The experimental procedure was followed as de-
scribed previously [34,35]. The fluorescence increments,
due to the oxidation of DCFH2 or DHR 123, were ex-
pressed as arbitrary units above the initial values.
[Ca2]i measurements
The intracellular calcium concentration ([Ca2]i) of
retinal cells was determined with the probe Indo-1 by
following the method described by Duarte et al. [24] and
Rego et al. [36]. After STS treatment (in the presence or
absence of antioxidants), retinal cells were loaded with 3
M Indo-1/AM in BME for 45 min, at 37°C and further
incubated for 15 min in BME to allow the hydrolysis of
the acetoxymethylester precursor of the probe. After
rinsing with sodium saline solution (with 1.5 mM
CaCl2), cell fluorescence was measured at 37°C in a
Perkin Elmer LS-5B luminescence spectrometer
equipped with a thermostated waterbath, with excitation
at 335 nm and emission at 410 nm. The [Ca2]i was
calculated according to the equation:
[Ca2]i 250 nM [(F Fmin)/(Fmax F)] (nM),
where 250 nM corresponds to the dissociation constant
of the complex Indo-1–Ca2, Fmax is the maximal fluo-
rescence obtained upon addition of 3 M ionomycin, and
Fmin is the minimal fluorescence determined following
the equation: Fmin AF 1/12 (Fmax AF) , where AF
is the autofluorescence obtained upon addition of 3 mM
MnCl2.
Determination of adenine nucleotides
After STS incubation, the medium was removed and
the retinal cells were rinsed twice with PBS (37°C). The
cells were then extracted on ice with 0.3 M perchloric
acid and centrifuged at 15,800  g, for 15 min at 4°C.
The pellets were solubilized with 1 M NaOH and ana-
lyzed for total protein content by the Sedmak method.
The supernatants were neutralized with 10 M KOH in 5
M Tris and further centrifuged at 15,800  g, for 10 min
at 4°C to remove the potassium perchlorate salt. The
resulting supernatants were assayed for adenine nucleo-
tides (ATP and ADP) by separation in a reverse-phase
HPLC, as described previously [36].
Determination of carbonyl groups
2,4-Dinitrophenylhydrazine (DNPH) was used for the
spectrophotometrical detection of carbonyl groups, ac-
cording to the method described by Fagan et al. [37].
After two washes with sodium saline solution (37°C) and
two washes with PBS, the retinal cells were extracted on
ice with PBS. Aliquots of cellular extracts (100 l) were
used for total protein content determination by the Sed-
mak method. The remaining volume of the cellular ex-
tracts was centrifuged at 10,000 rpm (Eppendorf Centri-
fuge 5417R), for 3 min at 25°C. The pellets were
dissolved in 1 ml of 20% trichloroacetic acid (TCA) and
further centrifuged at 10,000 rpm (Eppendorf Centrifuge
5417R), for 3 min at 25°C. The resulting pellets were
incubated with 500 l of 10 mM DNPH in 2 mM HCl,
for 1 h at room temperature. The reaction was stopped
after addition of 20% TCA (500 l), and the samples
were further centrifuged at 11,000 rpm (Eppendorf Cen-
trifuge 5417R), for 3 min at 25°C. The pellets were
washed three times with 1 ml of ethanol-ethylacetate
(1:1). The samples were then incubated with 900 l of 6
M guanidine (in PBS, pH 6.5) for 15 min, at 37°C, to
allow protein solubilization, and further centrifuged at
10,000 rpm (Eppendorf Centrifuge 5417R) for 3 min at
25°C, to pellet the insoluble fraction. The carbonyl con-
tent was determined spectrophotometrically at 360 nm,
1503ROS in STS-mediated apoptosis
in a Lambda-2 spectrophotometer (Perkin-Elmer). The
absorbance was measured against a blank containing
samples that were incubated with 500 l of 2 M HCl
with no DNPH. The carbonyl content was calculated
from the OD values, using the DNPH absorption coeffi-
cient (  22 mM1cm1), and the results were ex-
pressed as nmol/mg of protein.
Evaluation of DNA fragmentation by the TUNEL assay
DNA fragmentation can be evaluated with the TdT-
mediated dUTP nick-end labeling (TUNEL) assay. This
method is based on the incorporation of biotinylated
nucleotides at the 3-OH DNA ends by the enzyme
terminal deoxynucleotidyl transferase (TdT). After rising
with PBS, retinal cells were fixed with 4% paraformal-
dehyde in PBS for 25 min, at room temperature, in the
dark. Retinal cells were then permeabilized with 0.2%
Triton X-100 in PBS for 5 min, at room temperature in
the dark, and processed according to the DeadEnd Col-
orimetric Apoptosis Detection Kit (Promega, Madison,
WI, USA). Briefly, the cells were incubated with reaction
buffer containing biotinylated nucleotides and the en-
zyme TdT, for 1 h at 37°C. The endogenous peroxidases
were blocked with 0.3% H2O2 for 5 min, and the cells
were further incubated with horseradish-peroxidase–la-
beled streptavidin (diluted 1:500 in PBS) for 30 min, and
then incubated with the chromogen diaminobenzidine
(DAB) for 10 min. After rising several times with deion-
ized water, the coverslips were mounted with Prolong
Antifade mounting medium (Molecular Probes) and vi-
sualized under a light microscope. Using this procedure,
apoptotic nuclei were stained dark brown.
Statistical analysis
The results are expressed as the mean SEM from at
least three independent experiments run in duplicates.
Statistical significance was determined by the unpaired,
two-tailed, Student’s t-test, or by the one-way analysis of
variance followed by the Tukey post-test, for multiple
comparisons. A p-value  .05 was considered
significant.
RESULTS
Apoptotic-like features of cell death induced by STS
We have analyzed the viability of retinal cells ex-
posed to a low concentration of STS (100 nM), using two
different tests: the MTT reduction assay, which reflects
the cellular reducing activity, and the LDH leakage as-
say, which is dependent on the integrity of the plasma
membrane. A time-dependent decrease in the capacity to
reduce MTT (Table 1) and a time-dependent increase in
LDH released to the extracellular medium (Fig. 1A) were
observed. Interestingly, the membrane integrity was de-
creased by a two step process, the first one occurring up
to 12 h incubation and the second one occurring after
18 h incubation with STS (Fig. 1A). This observation
may be in accordance with a distinct susceptibility of
different retinal cell populations.
After 6 h of incubation with the apoptotic stimulus
(100 nM STS), the reducing capacity (Table 1, 104.40 
7.10% of the control) and the membrane integrity (Fig.
1A, 8.65  3.33% of the total) were not significantly
altered, demonstrating that, at this time point, retinal
cells were still viable. We have also determined the
effect of a higher STS concentration on membrane in-
tegrity. As shown in Fig. 1B, 1 M STS induced a
significant increase in LDH released to the extracellular
medium (25.54  1.93% of the total, p  .001), indi-
cating the rupture of plasma membrane. Based on these
results, for most experiments, retinal cells were exposed
to 100 nM STS for 6 h. At this time point, necrotic cell
death was not observed (Fig. 1A) and no significant
alterations in intracellular energy status were detected, as
determined by the ATP/ADP ratio (Fig. 1C).
Under these experimental conditions, we could de-
tect a significant increase in caspase-1 (1.51  0.08, p
 .001), caspase-9 (1.34  0.01, p  .001) and,
especially, in caspase-3-like (3.23  0.52, p  .01)
activities, whereas caspase-8-like activity was not sig-
nificantly altered (Fig. 2A). The activation of
caspase-3 after 6 h of incubation with 100 nM STS
was corroborated by the observation of a 17 kDa
Table 1. MTT Reduction Upon Exposure of Retinal Neurons to STS
Incubation time
4 h 6 h 12 h 15 h 18 h
MTT reduction (% of the control) 105.88  4,51 104.41 7.14 76.26 5.55* 73.21 3.52* 70.76 3.42**
MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; STS  staurosporine.
Retinal cells were incubated with 100 nM STS for 4, 6, 12, 15, or 18 h. Control cells were maintained in the absence of STS. The reducing capacity
of retinal cells was measured by the MTT method and expressed as a percentage (%) above the control (100  9.72%). The results are presented as
the mean  SEM of 10–15 experiments, run in duplicate.
Statistical significance: * p  .01, or ** p  .004 as compared to the control, in the absence of STS.
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fragment of caspase-3 resulting from the proteolytic
processing of procaspase-3 (35 kDa), as assessed by
Western blotting with an antibody that recognizes both
the inactive (full-length) and the active (fragment)
forms of this enzyme (Fig. 2C). Moreover, in accor-
dance with caspases activation, a Western blot analy-
sis of mitochondrial fractions derived from retinal
neurons showed a decrease in mitochondrial cyto-
chrome c content after incubation with 100 nM STS,
for 6 h (Fig. 2D). Due to dilution of the protein in the
cytosolic fraction, we could not detect anti-cyto-
chrome c labeling in this fraction obtained from cul-
tured retinal cells. Nevertheless, cytochrome c release
was further confirmed by immunocytochemistry (data
not shown).
We also analyzed the activities of caspases 1 and 3 under
experimental conditions related with a decrease in cell vi-
ability. Upon 18 h of exposure to 100 nM STS, caspase-3-
like activity had decreased (1.90 0.16, p .05), whereas
caspase-1-like activity was not significantly altered as com-
pared with the activity measured after 6 h (Fig. 2A). How-
ever, upon 6 h of incubation with a higher STS concentra-
Fig. 1. Evaluation of cell viability (A,B) and energetic levels (C) of retinal neurons exposed to staurosporine (STS). Membrane integrity
of retinal cells incubated with 100 nM STS for 2–21 h (A) or exposed to 1 M STS for 6 h (B) was determined by the lactate
dehydrogenase (LDH) leakage assay and expressed as % of total LDH released to the extracellular medium. Adenosine triphosphate
(ATP)/adenosine diphosphate (ADP) ratio (C) was calculated in retinal neurons exposed to 100 nM STS for 6 h. The cell extracts were
prepared in perchloric acid and neutralized with KOH-Tris. The adenine nucleotides (ATP and ADP) were separated in a reverse-phase
high-performance liquid chromatography. The results are expressed as the mean  SEM of at least five experiments, run in duplicate.
Statistical significance: ns  not significant, *p  .05, **p  .01, or ***p  .001 as compared to control cells, maintained in the
absence of STS.
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tion (1 M), a significant increase in both caspase-1 (2.02
 0.02, p .01) and caspase-3-like (2.81 0.38, p .01)
activities was observed (Fig. 2B).
Antioxidants protect from apoptosis induced by STS
Then, we evaluated the effect of the antioxidants IDB
(1 M), GSH/EE (1 mM), trolox (10 M), and MnTBAP
(100 M) on apoptotic cell death induced by 100 nM
STS. All these antioxidants were shown to significantly
reduce caspase-3-like activity induced by STS (Fig. 3A),
suggesting that ROS are involved in this apoptotic
process.
According with this hypothesis, a significant increase
in intracellular ROS generation was observed upon ex-
posure to 100 nM STS, as determined with the fluores-
cent probes DHR 123 (control: 1.272  0.029; 100 nM
STS: 1.391  0.03, p  .01) (Fig. 4A) or DCFH2-DA
(control: 1.023  0.017; 100 nM STS: 1.186  0.022, p
 .001) (Fig. 4B). Moreover, this increased ROS pro-
duction was completely prevented in the presence of
Fig. 2. Evaluation of caspases activity (A,B,C) and mitochondrial cytochrome c content (D) in retinal neurons exposed to staurosporine
(STS). The activity of caspases was determined in retinal cells incubated with 100 nM STS for 6 or 18 h (A) or exposed to 1 M STS
for 6 h (B). The colorimetric substrates Ac-YVAD-pNA, Ac-DEVD-pNA, Ac-IETD-pNA, and Ac-LEHD-pNA were used to determine
the activity of caspases 1, 3, 8, and 9, respectively. The activity was expressed as the increase of the optical density (OD) values above
the control (cells maintained in the absence of STS). The results are expressed as the mean SEM of 3–9 experiments, run in duplicate.
Statistical significance: *p  .05, **p  .01, or ***p  .001 as compared to the respective control. Proteolytic processing of
procaspase-3 (C) and mitochondrial cytochrome c content (D) were obtained from S1-fractions (C) or nonpurified mitochondrial
P2-fractions (D), isolated from control retinal cells (C) or cells incubated with 100 nM STS for 6 h (STS) and further evaluated by
Western blotting. In (C), the anti-caspase-3 antibody recognized both the full-length (35 kDa) and the cleaved fragment (17 kDa) of
this enzyme. In (D), the antibody against the denatured form of cytochrome c identified a 15 kDa band. The Western blots are
representative from five independent experiments.
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Fig. 3. Effect of antioxidants and inhibitors of endogenous reactive oxygen species (ROS) production on staurosporine (STS)-induced
caspase-3 activation (A,B) and DNA fragmentation (C). Retinal neurons were exposed to the following compounds: idebenone (IDB;
1 M), glutathione-ethylester (GSH/EE; 1 mM), trolox (10 M) (all preincubated for 21 h), Mn(III)tetrakis (4-benzoic acid) porphyrin
chloride (MnTBAP; 100 M), Nw-nitro-L-arginine (L-NAME; 100 M or 500 M), 7-nitroindazole (7-NI; 50 M), arachidonyl
trifluoromethyl ketone (AACOCF3; 100 M) (all preincubated for 30 min), allopurinol (300 M) (preincubated for 18 h), rotenone
(0.25 M), and oligomycin (0.25 g/ml) (both preincubated for 5 min). All compounds were further incubated for 6 h in the presence
or absence of 100 nM STS. For analysis of DNA fragmentation by the TUNEL assay (C), retinal cells were further incubated for 18 h
in basal medium of Eagle without STS. Caspase-3-like activity was determined by following the cleavage of the colorimetric substrate
Ac-DEVD-pNA and expressed as the increase of OD values above the control (cells maintained in the absence of any stimuli). The
results are presented as the means SEM of 3–11 experiments, run in duplicate. Statistical significance: ###p .001 as compared with
control cells, maintained in the absence of any stimuli; ns  not significant, *p  .05, **p  .01, or ***p  .001 as compared with
retinal cells exposed to 100 nM STS in the absence of antioxidants or inhibitors of endogenous ROS production. In (C), after fixation,
retinal cells were processed by the TUNEL method according to the DeadEnd Colorimetric Apoptosis Detection Kit and visualized
under a light microscope. Black arrows indicate nuclei with fragmented DNA (biotinylated 3-OH ends). The cells were incubated with
STS in the absence (ii) or in the presence of IDB (iii), GSH/EE (iv), allopurinol (v), and 7-NI (vi), whereas control cells (i) were
maintained for 24 h in the absence of STS. The results are representative of three independent experiments.
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antioxidants (Fig. 4B), indicating that inhibition of intra-
cellular ROS generation was responsible for decreasing
caspase-3 activation (Fig. 3A).
One possible consequence of intracellular ROS pro-
duction is the accumulation of carbonyl derivatives
caused by the reaction of free radicals with certain amino
acid lateral chains [37]. However, under our experimen-
tal conditions, no significant changes were observed in
the levels of carbonyl groups, as assessed by the DNPH
assay (Fig. 5A). This result was further confirmed, after
sample derivatization, by Western blotting with an anti-
body against DNP (data not shown). Moreover, the re-
ducing agents DTT (4 mM) and NEM (10 M) had no
significant effect on caspase-3 activation induced by STS
(Fig. 5B), further suggesting that an accumulation of
oxidized thiol groups is not related with the apoptotic
mechanism.
Previous studies showed that not only endogenous
ROS, but also regulation of intracellular calcium levels
play a central role in STS-induced cell death [22,23]. In
this work we have also determined the effect of some
antioxidants on [Ca2]i (Fig. 6). As expected, STS in-
Fig. 4. Intracellular reactive oxygen species (ROS) production (A,B,C) induced by 100 nM staurosporine (STS)—effect of antioxidants
(B) and inhibitors of endogenous ROS generation (C). Retinal neurons were incubated for 6 h in the presence or absence (control cells)
of 100 nM STS. The following compounds were tested: idebenone (IDB; 1 M), glutathione-ethylester (GSH/EE; 1 mM), trolox (10
M) (all preincubated for 21 h), Mn(III)tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP; 100 M), arachidonyl trifluoromethyl
ketone (AACOCF3; 100 M), 7-nitroindazole (7-NI; 50 M) (all preincubated for 30 min), allopurinol (300 M) (preincubated for
18 h), rotenone (0.25 M), and oligomycin (0.25 g/ml) (both preincubated for 5 min). All compounds were further incubated during
exposure of retinal cells to 100 nM STS for 6 h. Intracellular ROS production was monitored by fluorimetry with the fluorescent probes
DHR 123 (A) or DCFH2-DA (B,C). Fluorescence increments were expressed as arbitrary units above the initial value. The results are
present as the means  SEM of 3–14 experiments, run in duplicate. Statistical significance: ##p  .01, or ###p  .001 as compared
with control cells, maintained in the absence of any stimuli; **p  .01, or ***p  .001 as compared with STS-treated cells, incubated
in the absence of antioxidants or inhibitors of endogenous ROS production.
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duced a significant increase in [Ca2]i (control: 104.27
 4.39 nM; 100 nM STS: 297.39  22.69 nM, p 
.001), which was partially reduced in the presence of 1
M IDB (171.68  16.02 nM, p  .01 as compared to
STS treated cells) or 1 mM GSH/EE (167.93  28.74
nM, p  .01 as compared to STS treated cells). Never-
theless, when testing the effect of the general inhibitor of
caspases, z-VAD-fmk (at 1 M, a concentration that
completely reduced caspase-3 activity, but did not affect
cell viability; data not shown), no significant changes in
[Ca2]i were observed, compared to STS-treated cells
(388.34  35.25 nM) (Fig. 6).
Taken together, these results highly suggest that, upon
STS exposure, ROS generation (Figs. 4A, 4B) is in-
volved in caspase-3 activation (Fig. 3A) and is one of the
mechanisms responsible for the increase in [Ca2]i (Fig.
6).
Selective inhibitors of endogenous ROS formation
protect from STS-induced apoptosis
Because an increased production of ROS was shown
to be involved in STS-induced apoptosis in retinal neu-
rons (Figs. 3A, 4A, 4B and 6), we have further evaluated
the contribution of endogenous sources of ROS, by test-
ing the effect of specific inhibitors of different intracel-
lular pathways that lead to ROS formation. In accor-
dance, L-NAME (100 M or 500 M, a general NOS
inhibitor) and 7-NI (50 M, a nNOS specific inhibitor)
were used to evaluate the contribution of NO•. Moreover,
the inhibitors AACOCF3 (100 M, a PLA2 inhibitor that
does not interfere with caspases activation) and allopuri-
nol (300 M, a xanthine oxidase inhibitor), were used to
determine the role of cytosolic O2• on this apoptotic
process. To assess the effect of mitochondria inhibition,
retinal cells were exposed to rotenone (0.25 M, a com-
plex I inhibitor) plus oligomycin (0.25 g/ml, an inhib-
itor of F1F0-ATP synthase), which prevents glycolytic
ATP hydrolysis that could result from inhibition of com-
plex I [38]. In the presence of these mitochondrial inhib-
itors, retinal cells remained viable during the experimen-
tal procedure.
As observed in Fig. 3B, with the exception of L-
NAME, all these inhibitors significantly decreased STS-
induced caspase-3 activation. In addition, these com-
pounds effectively inhibited the formation of
intracellular peroxides (Fig. 4C). These results strongly
suggest that cytosolic pathways of O2• and NO• pro-
duction as well as mitochondrial generation of O2• , and
possibly H2O2, are involved in caspase-3 activation upon
exposure of retinal cells to 100 nM STS.
We have also addressed the question whether some of
these antioxidants, 1 M IDB and 1 mM GSH/EE, and
inhibitors of endogenous ROS formation, 300 M allo-
purinol and 50 M 7-NI, could have a protective effect
Fig. 5. Protein carbonyl content (A) and effect of reducing agents on caspase-3 activity (B) upon induction of apoptosis. Retinal neurons
were incubated for 6 h in the absence (control cells) or in the presence of 100 nM staurosporine (STS). The carbonyl content (A) was
determined spectrophotometrically through the reaction of these protein groups with 2,4-dinitrophenylhydrazine (DNPH), and was
expressed as nmol/mg of protein. Caspase-3-like activity (B) in the presence of the reducing agents 1,4-dithiotreitol (DTT; 4 mM) and
N-ethylmaleimide (NEM; 10 M) (both incubated 30 min before and during STS exposure) was determined through the cleavage of
the colorimetric substrate Ac-DEVD-pNA. Activity was expressed as the increase of optical density (OD) values above the control
(cells maintained in the absence of any stimuli). The results are presented as the mean  SEM of 3–5 experiments, run in duplicate.
Statistical significance: NS  not significant, #p  .05, or ##p  .01 as compared with control cells, maintained in the absence of any
stimuli; ns  not significant as compared with STS-treated cells, incubated in the absence of antioxidants or inhibitors of endogenous
ROS production.
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during the late stage of this apoptotic process. After
exposure to 100 nM during 6 h, retinal neurons were
maintained in culture for 18 h and DNA fragmentation
was then evaluated by the TUNEL assay. The increase in
TUNEL-positive cells triggered by STS (Fig. 3C-ii) was
largely reduced in the presence of IDB (Fig. 3C-iii),
GSH/EE (Fig. 3C-iv), allopurinol (Fig. 3C-v), or 7-NI
(Fig. 3C-vi). Taken together, these results indicate that
the use of antioxidants and the inhibition of intracellular
pathways of ROS generation can protect retinal cells
from STS-induced apoptosis.
DISCUSSION
This work demonstrates that activation of both mito-
chondrial and cytosolic sources of endogenous ROS gen-
eration, as well as an increase of [Ca2]i, are two related
events that play an important role during STS-induced
apoptosis in cultured retinal neurons.
STS induces mitochondrial apoptotic pathway
activation in cultured retinal cells
Previous studies showed that STS can induce a de-
crease in the intracellular reducing capacity [23], as well
as cytochrome c release [12,13,21,39,40,41], activation
of caspase-3 [20,21], caspase-1 [20], and caspase-8 [42].
In accordance with these results, we detected a decrease
in mitochondrial cytochrome c content, as well as the
activation of caspases 1, 9 and 3 (Fig. 2A). Under these
conditions, retinal neurons were viable (Table 1 and Fig.
1A), and no significant alterations in intracellular ATP/
ADP were detected (Fig. 1C), which is in agreement with
the fact that caspases activation is an ATP-dependent
process [10,11]. Moreover, after 18 h of incubation with
100 nM STS, the decrease in retinal cells viability (Table
1 and Fig. 1A) was followed by a reduction in caspase-
3-like activity (Fig. 2A), further indicating that caspases
activation occurs during the initial apoptotic phase, when
cells are still metabolically active and the integrity of the
plasma membrane is not yet compromised.
In our experimental conditions, caspase-8 was not
activated (Fig. 2A), suggesting that in retinal neurons,
100 nM STS specially triggers the mitochondrial apo-
ptotic pathway, and that the observed caspase-3 activa-
tion (Figs. 2A, 2C) is a direct consequence of cyto-
chrome c release (Fig. 2D) and caspase-9 activity (Fig.
2A). On the other hand, the small, but significant, in-
crease in caspase-1-like activity induced by 100 nM STS
may reflect a role for this caspase in this apoptotic
process. In fact, apart from its inflammatory function,
caspase-1 was also shown to be a proapoptotic enzyme in
several apoptotic mechanisms [20,43,44].
After 6 h of incubation with a higher STS concentra-
tion (1 M), membrane integrity was significantly re-
duced (Fig. 1B), and a significant increase in both
caspases 1 and 3-like activities was still observed (Fig.
2B). In this situation, caspases activation may be related
with a different cell death mechanism. According to this
hypothesis, a recent study showed that, in the presence of
1 M STS, caspases activity was detected, but the cell
death mechanism showed several nonapoptotic charac-
teristics. On the other hand, these authors also demon-
strated that 100 nM STS induced an apoptotic mecha-
nism characterized by cytochrome c release, further
suggesting that the intracellular cascades activated by
STS may depend on its concentration [45].
Antioxidants can protect retinal neurons from
STS-induced apoptosis
In agreement with our results obtained in cultured
retinal cells exposed to 100 nM STS (Fig. 4), it was
previously demonstrated that STS can induce the forma-
tion of intracellular free radicals in PC12 cells [23], 0
cells [12], as well as in primary cultures of hippocampal
neurons [20,22,46].
Several studies have demonstrated that compounds
with antioxidant properties can have a protective effect
Fig. 6. Determination of [Ca2]i in staurosporine (STS)-treated retinal
neurons. Retinal cells were incubated for 6 h in the absence (control
cells) or in the presence of 100 nM STS. The antioxidants idebenone
(IDB; 1 M) and glutathione-ethylester (GSH/EE; 1 mM) were incu-
bated 21 h before and during STS exposure. The general caspase
inhibitor z-VAD-fmk (1 M) was incubated 1 h before and during
incubation with STS. The fluorescence of the probe Indo-1/AM was
monitored and the [Ca2]i was calculated following determination of
Fmax and AF, obtained, respectively, after addition of ionomycin and
Mn2 in the presence of 1.5 mM Ca2. The results are expressed as the
mean  SEM of 4–6 experiments, run in duplicate. Statistical signif-
icance: ###p  .001 as compared to control cells, maintained in the
absence of any stimuli; **p  .01 or ns  not significant, as compared
to STS-treated cells.
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in different situations of cellular dysfunction. In line with
this idea, IDB was shown to decrease retinal cell injury
induced by oxidative stress and hypoglycemia [35], and
to protect synaptosomes from oxidative damage induced
by ascorbate/iron [47]. This antioxidant, as well as GSH/
EE, were also shown to promote the mitochondrial and
glycolytic metabolism in PC12 cells exposed to -amy-
loid [48], whereas in sympathetic neurons deprived from
nerve growth factor, GSH/EE also prevented from cyto-
chrome c release [49]. Moreover, apoptosis induced by
H2O2 was shown to be prevented by trolox [50], whereas
MnTBAP was shown to protect cortical neurons from the
excitotoxicity induced by activation of both N-methyl-D-
aspartate (NMDA) and kainate receptors [51].
In this work, these antioxidants (IDB, GSH/EE,
trolox, and MnTBAP) significantly diminished the pro-
duction of intracellular peroxides (Fig. 4B), preventing
the activation of caspase-3 (Fig. 3A) triggered by STS in
cultured retinal neurons. Moreover, the number of apo-
ptotic cells was largely reduced in the presence of IDB
(Fig. 3C-iii) and GSH/EE (Fig. 3C-iv), strongly suggest-
ing that ROS generation contributes to this apoptotic
mechanism. Previously, the antioxidants N-acetylcyste-
ine [22], vitamin E, trolox, or MnTBAP [20] were dem-
onstrated to significantly reduce STS-evoked cell death.
Cytosolic and mitochondrial sources of ROS
generation are involved in STS-triggered apoptosis
Previous studies demonstrated that intracellular ROS
production induced by STS can result from the interrup-
tion of the mitochondrial electron flow as a consequence
of cytochrome c release [12,13]. However, extramito-
chondrial sources of ROS have not been investigated. In
this work, we used distinct inhibitors of endogenous
pathways of ROS generation in order to evaluate the
effect of mitochondrial inhibition as well as the impor-
tance of cytosolic O2• and NO• production on the apo-
ptotic mechanism induced by 100 nM STS.
The inhibitors rotenone/oligomycin, AACOCF3, allo-
purinol and 7-NI were shown to effectively reduce the
levels of intracellular peroxides in the presence of STS
(Fig. 4C), revealing the importance of both mitochon-
drial and cytosolic sources of O2•/H2O2 and
NO•/ONOO.
Furthermore, the inhibitors AACOCF3 and allopuri-
nol significantly reduced caspase-3-like activity (Fig.
3B), indicating that activation of PLA2 and xanthine
oxidase pathways and the consequent rise in cytosolic
O2•/H2O2 levels, can trigger activation of this caspase.
Moreover, despite the fact that L-NAME, a general NOS
inhibitor, had no effect on caspase-3–like activity, the
specific inhibitor of the neuronal isoform of this enzyme
(7-NI) was able to significantly inhibit this apoptotic
feature, suggesting that, in the retinal neurons, cytosolic
NO• generation through nNOS also contributes for this
mechanism. Caspase-3–like activity was equally reduced
in the presence of rotenone/oligomycin, suggesting that
mitochondrial production of O2•/H2O2 could also po-
tentiate caspase-3 activation. Furthermore, the observa-
tion that mitochondrial inhibitors highly reduced
caspase-3–like activity, suggests that functional mito-
chondria are required for STS-induced caspases activa-
tion in cultured retinal cells. In fact, these inhibitors
significantly decreased the ATP/ADP ratio (data not
shown), which could contribute, at least in part, to the
observed decrease in caspase-3–like activity, because
caspases activation is an ATP-requiring process [10,11].
These results demonstrated that several intracellular
pathways of ROS generation are activated and equally
contribute to the increased ROS production and
caspase-3 activation. Moreover, a decreased cytosolic
ROS production was also able to reduce the number of
apoptotic cells (Fig. 3C-v, vi), strongly suggesting that
oxidative stress plays an important role not only in the
initial phase of this apoptotic process, but also during the
late stage of STS-induced cell death.
Importance of ROS and calcium during STS-mediated
apoptosis
In this study we showed that endogenous ROS pro-
duction interfered with caspase-3 activation (Fig. 3).
Caspases possess a cysteine residue in their active site
that is critical for their catalytic activity [52], suggesting
that caspase-3 could be directly regulated. However, we
have shown that protein oxidation was not significantly
altered in retinal cells exposed to 100 nM STS (Fig. 5A).
On the other hand, the reducing agents DTT or NEM had
no effect on caspase-3 activation induced by STS (Fig.
5B), suggesting that this caspase was not directly af-
fected by oxidative stress.
Nevertheless, ROS can interfere with the mechanisms
responsible for [Ca2]i regulation [17], and STS was
previously demonstrated to induce a rise in [Ca2]i [23].
Another study has also showed that overexpression of
calbindin D28K, a calcium-binding protein, significantly
reduced STS-induced neurotoxicity [22]. In the present
work, the antioxidants IDB and GSH/EE were shown to
reduce the rise in intracellular calcium triggered by STS
(Fig. 6), strongly suggesting that ROS generation can
potentiate the observed intracellular calcium increase.
Nevertheless, the general caspase inhibitor did not sig-
nificantly change the rise in Ca2 induced by STS,
highly suggesting that increased [Ca2]i occurs upstream
of caspases activation.
Oxidative stress and the consequent alteration of the
cell membrane lipid environment can cause the inhibi-
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tion of Ca2–ATPases, affecting the processes of cal-
cium extrusion and leading to an increased [Ca2]i [53].
Because the rise in intracellular Ca2 was not completely
prevented in the presence of IDB or GSH/EE (Fig. 6), the
data suggested that other ROS-independent mechanisms
could also be involved. Activation of NMDA receptors
could contribute to this result. Prehn et al. [22] previ-
ously demonstrated that NMDA receptor agonists poten-
tiate STS neurotoxicity, although no significant protec-
tion was observed with antagonists of these receptors. In
addition, mitochondria can also release calcium upon a
certain threshold, contributing to the rise in cytosolic
calcium [54]. Nevertheless, because intracellular path-
ways responsible for increased ROS production (Fig. 4C)
are stimulated by calcium, these results clearly demon-
strate that endogenous ROS generation and calcium ho-
meostasis regulation are two related mechanisms playing
an important role in STS-induced apoptosis.
Moreover, ROS and calcium, can promote the open-
ing of the mitochondrial permeability transition pore
(MPTP) [9], or induce cytochrome c release through
MPTP-independent mechanisms [49,55,56], being di-
rectly responsible for the activation of the apoptotic
cascade. Such mechanism would also explain the pre-
vention of apoptotic features (Fig. 3) observed upon
inhibition of endogenous ROS generation (Fig. 4). Fur-
thermore, calcium can also activate calcium-dependent
nucleases [57], which could be partially responsible for
the observed DNA fragmentation (Fig. 3C-ii).
We can conclude that STS, not only activates the
mitochondrial apoptotic pathway, but also increases
[Ca2]i in cultured retinal neurons. Furthermore, this
work also demonstrates the importance of endogenous
free radicals generation (of both mitochondrial and cy-
tosolic sources) on the apoptotic cell death pathway
triggered by STS. Thus, antioxidants, by stabilizing the
intracellular redox status and decreasing the [Ca2]i, can
inhibit this apoptotic mechanism, pointing out for the
possible therapeutic relevance of these compounds in
several disease situations associated with apoptotic reti-
nal cell degeneration.
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